The centrosome is the main organizer of microtubules and as such, its position is a key determinant of polarized cell functions. As the name says, the default position of the centrosome is considered to be the cell geometrical center. However, the mechanism regulating centrosome positioning is still unclear and often confused with the mechanism regulating the position of the nucleus to which it is linked. Here we used enucleated cells plated on adhesive micropatterns to impose regular and precise geometrical conditions to centrosome-microtubule networks. Although frequently observed there, the equilibrium position of the centrosome is not systematically at the cell geometrical center and can be close to cell edge. Centrosome positioning appears to respond accurately to the architecture and anisotropy of the actin network, which constitutes, rather than cell shape, the actual spatial boundary conditions the microtubule network is sensitive to. We found that the contraction of the actin network defines a peripheral margin, in which microtubules appeared bent by compressive forces. The disassembly of the actin network away from the cell edges defines an inner zone where actin bundles were absent and microtubules were more radially organized.
Introduction
The centrosome position is intimately associated to polarized cell functions such as adsorption and secretion, motility and mitosis [1] [2] [3] . Its position is characteristic and indicative of polarized cell functions [2, 4] . It is found at the cell center in proliferating cells in culture [5] while it presents a somewhat peripheral position in differentiated cells in tissues, where it loses part or all of its microtubule organizing center (MTOC) functions [6] . In epithelial cells for example, the centrosome is found at the apical border of the cell and it nucleates few or no microtubules [7] . In ciliated cells, the centrosome role is more markedly changed as it turns itself into a basal body, responsible for the exclusive nucleation of cilia microtubules [6, 8] .
During several cellular events essential to development, and organism homeostasis, the centrosome position undergoes a shift from the center to periphery of the cell, notably during ciliogenesis [9] , immune synapse formation [10] or Epithelial-to-Mesenchymal transition [11] . However the mechanisms that regulate the stability of central and peripheral states and those that allow a rapid switch between two states have not yet been fully understood.
Previous in vivo, in vitro and in silico studies suggest that centrosome position is the outcome of a balance of pulling and pushing forces applied on microtubules and transmitted to the centrosome [12] [13] [14] [15] [16] [17] [18] . Overexpression of dynein heavy chains, injection of dynein blocking antibodies, in vitro studies, and computational simulations suggest cortical and cytoplasmic dyneins play a role in the production of pulling forces [12, 14, 15, 19, 20] . Besides, microtubule polymerization against spatial boundaries have been shown to be responsible for the production of pushing forces [14, 15, 21, 22] . Actomyosin contractility also modulates the forces applied on microtubules and can thereby influence centrosome position [23] although this parameter has remained controversial. The simple inhibition of actomyosin contraction had no visible effect on centrosome position in isolated cells or in monolayers [12, 24] , however it was found capable to counteract the asymmeric stimulation due local microtubule disassembly [12] .
In non-differentiated cells, and notably in cells proliferating in culture, the force balance is believed to set the centrosome position at the cell geometrical center, also called center of mass or centroid [24] [25] [26] . Microtubule-based forces in an in vitro reconstituted system also position the MTOC at the centroid of their confinement area [14, 15, [27] [28] [29] . However, the centrosome has been observed at the cell geometrical center in relatively isotropic boundary conditions (e.g. non polarized cells) but can be off-centered in the front or in the back of migrating cells [30, 31] , or toward intercellular junction [11, 32] . As a result, there is no generic definition of the centrosome position and the key parameters involved in the regulation of this positioning are still unclear.
One limitation for the comprehension of the forces exerted on the centrosome that ensure its location inside the cell is that the centrosome positioning is hardly distinguishable from nucleus positioning. It has been a considerable limitation for the study of centrosome positioning in anisotropic conditions such as in migrating cells [33, 34] . Both the nucleus and the centrosome have their own self-centering properties [26, [34] [35] [36] see (for Reviews [37, 38] ).
But the physical links that connect them hinder their respective contributions in regards to their final position [38] [39] [40] [41] [42] [43] [44] [45] . In addition, the nucleus also constitutes a dead volume microtubules don't have access to, which biases the spatial distribution of microtubules and their associated forces. Furthermore, centrosomal microtubules push and pull on the nuclear envelop [38, 46] adding more complexity to the force balance in the centrosome-microtubule network. For these reasons, enucleated cells -here referred as cytoplasts -offered an interesting possibility to untangle the geometrical and molecular cues that specifically control centrosome position. Plating them on on adhesive micropatterns revealed that centrosome self-positions at the geometrical center of the cytoplasts suggesting that its off-centering in cells is due to microtubule interaction with the nucleus [26, 34] . However, the centrosome often detaches from the nucleus when moving to the cell periphery during the migration of neuroblasts [47] or epithelium formation [48] for example. This might indicate that the centrosome-microtubule network could be empowered of active off-centering properties independently of the nucleus, although this has not yet been demonstrated.
Here, we show that actin contractile network plays an important role in the confinement of the microtubule networks while the positioning of the centrosome at the center of this actin-based boundary is achieved by dynein-based forces on microtubules.
Results
The major intermediate filament in fibroblasts, Vimentin, form a dense network around the nucleus [49] . Because of the elasticity and low dynamics of intermediate filaments, they recovered their initial shape after the enucleation step and formed a circular network with which microtubules kept interacting ( Figure S1 ). To avoid any geometrical bias due to these structures interaction we worked with vimentin KO mouse embryonic fibroblast [50, 51] , in which centrosome position was similar to WT cells ( Figure S1 ).
Cells were first plated on 2000µm2 disk-shaped micropattern, in order to maximise their spreading and the available space for centrosome positioning in 2D. Centrosomes were found to precisely position at the cell geometrical center: 84% were found in a 5µm wide region at the center of the disc ( Figure 1A) . Cytoplast, i.e. enucleated cells, were produced by centrifugation of attached cells on ECM-coated plastic slides [52] . They were then detached and plated on the same disk-shaped micropattern. Centrosomes displayed remarkably similar centering efficiency: 83% were found in the same central region ( Figure 1A , Figure S1 ).
In order to investigate centrosome positioning in anisotropic conditions, we plated cytoplasts on triangles. We chose triangles of similar area but different height to bases ratio: equilateral, short isoceles (ratio 7/4) and isosceles (ratio 9/2). Thousands of different geometrical centers have been described in triangles [53] . We chose some that are all are positioned along the midline of isoceles triangles, and could be considered interesting because their definition presumes particular interactions with the sides or the vertexes of the triangle.
Those are the circumcenter (in close relationship with the triangle sides), the incenter (in close relationship with the triangle vertexes), the geometrical center (which reflects the whole area of the triangle) and the orthocenter. The distances between these centers increase with the height to base ratio of the triangle ( Figure 1B) , reflecting the variations of the contributions of their definition parameters (distance to vertex, distance to sides, distance to the middle of sides). Cytoplasts shapes were fitted with a triangular contour in order to measure the position of the various centers and compared them to the centrosome position. As the aspect ratio increased, the centrosome separated from all centers but the cell geometrical center with which it remained always in close proximity ( Figure 1C ). This confirmed the pre-existing definition of centrosome position in the field and suggested, by the geometrical definition of the geometrical center, that the whole spreading area of the cytoplast was essential to define the position of the centrosome. In order to investigate whether the centrosome would remain at the geometrical center of more complex shapes, we plated the cytoplasts on an exotic series of micropattern shapes and confirmed the robustness of centrosome positioning at the cell geometrical center ( Figure S2 ).
However a small shift of the centrosome with respect to the cell geometrical was observed in the "short isosceles triangles" (Figure 1D , middle row). Interestingly, in these conditions, the actin network architecture was not homothetic compared to the cell contour ( Figure 1D ). The network width was larger along the triangle base and bundle arrangements at the small and large apices were different. These results suggested that centrosome position can be shifted from the cell geometrical center and this could be due to higher asymmetry in the actin network.
Previous works showed that the presence negative curvature (concave edges) in cell attachment areas induces anterograde flow of actin from the areas of positive curvature (convexe edges) while static stress fibers are generated at the areas of negative curvature [54, 55] . We thus plated cytoplasts on shapes made of combination of concave and convex edges to induce a strong asymmetry in the actin network architecture. In "L" shapes or "halfthorus" shapes, actin network displayed a marked asymmetry as expected and the centrosome was significantly shifted from the cell geometrical center, away from the retrograde flow and towards the stress fibers ( Figure 1E ). We were able to conclude that the centrosome position depends on the cell adhesion pattern and the architecture of the actin network, regardless of the nucleus.
Interestingly, a central zone in the cell is devoided of actin bundles: we called it the Actin Inner Zone (AIZ). Using image denoising and edge detection we semi-automatically detected the contour of this zone and its geometrical center: the Actin Inner Center (AIC) (Figure 2A ).
We were able to conclude that the centrosome is closer, or equally distant, to the AIC than to the cell geometrical center in the geometrical shapes we tested ( Figure 2B ). Therefore, the AIC appeared to be a better descriptor of centrosome positioning than the cell geometrical center. We thus further investigated whether microtubules engaged specific and distinct interaction in and out of the AIZ.
To quantify the influence of regions of actin retrograde flow and regions devoided of it on microtubule organisation and the centrosome positioning, we developed a new image analysis tool "D-FiNS" (for Democratic Filament Network Scanner) soon available on gitHub. The steps of this analysis are described in Figure 3A . D-FiNS allowed us to detect and segment, in batch, actin bundles and microtubules in epifluorescence stack images and measure local microtubule orientation ( Figure 3A , Figure S3 ). These orientations were clustered in two categories: radial (<45°) and tangential (>45°). The averaged local orientation was further defined by the "Orientation Ratio" (OR) as the ratio of pixels with radial over tangential orientation. The OR was established for the entire cell or along radial linescans. We then compared microtubule orientation in the AIZ and out of the AIZ ( Figure 3B ). Clear differences revealed that microtubules were radially oriented in the inner part of the cell when devoided of actin bundles and more tangentially oriented along with actin bundles, at the cell periphery ( Figure 3C , Figure S4 ). From these results we concluded that the architecture of the actin network acts locally on the shape and orientation of microtubules.
The role of the size of the AIZ was further confirmed by experiments on various sizes of discs ranging from 500 to 3000µm2. Surprisingly, we found that the width of the distribution of centrosome positions was independent from the size of the disc ( Figure S5A , B, C). Parallel to this, we also found that the size of the averaged AIZ was relatively constant in cytoplasts with different sizes ( Figure S5D ). This suggests that the centrosomes and the microtubules were more sensitive to the AIZ than to the cell periphery. To further confirm this model and test the impact of the AIZ on centrosome position, we modulated the shape and position of the actin bundles and the AIZ. We further worked with short isoceles triangles as those shapes were shown to shift centrosome position away from the geometrical center ( Figure 1D ) while ensuring a more efficient cytoplast spreading than on L or half-thorus shapes. Disassembling actin perturbs too much the spreading of cytoplasts. Arp2/3 and Formin inhibition resulted in perturbation of cell shape and partial disruption of microtubule network respectively, precluding their use. Interestingly, inhibiting the Rho kinase ROCK with Y27632, inhibited the assembly and retrograde flow of actin bundles resulting in an homothetic network of thin and loose actin bundles along all cell edges ( Figure 4A ). In particular, the AIZ was enlarged and the width of the network along the short edge was reduced compared to control conditions and similar to the width along the two other edges ( Figure 4B ). As a consequence, the center of the AIZ, which was shifted from the cell geometrical center in control conditions, was moved back to this center in response to ROCK inhibition ( Figure 4C ). The centrosome position responded to ROCK inhibition as well and like the AIC it was shifted back to the cell geometrical center, ( Figure 4D ,E). We were able to conclude that the actomyosin contraction defines the shape and position of the AIZ, which acts as spatial boundary conditions to the microtubule network and thereby impacts centrosome position.
The following step was to investigate how the centrosome could position at the center of the AIZ.
The centrosome position depends on the mechanical forces exerted on the microtubule network [12, 13, [17] [18] [19] 22, 56] . Microtubule disassembly is known to impact the centrosome position [24, 34] . We tested the impact of microtubule disassembly on centrosome position relative to the overall cell shape and relative to the AIZ. Cytoplast were plated on ice (2hours) and treated with 10µM nocodazole to induce a complete disassembly of microtubules ( Figure   5A , left). This treatment induced a significant dispersion of centrosome positions ( Figure 5B , left). Importantly, and in accordance with previous studies, microtubule depletion also increased cell contractility [57] and induced the formation of large actomyosin bundles ( Figure 5A, left) . As a consequence, the AIZ was severely deformed and shifted asymmetrically with respect to the overall cell shape ( Figure 5 , leftC). In such asymmetric networks the AIC was moved quite far away from the cell geometrical center ( Figure 5D , left), an effect that could have had an additive contribution to centrosome dispersion.
Interestingly the effect of microtubule disassembly on centrosome positioning on disks was also consistent with a role of the increased contractility and AIZ distortion. Microtubule disassembly did not completely randomized centrosome position even after more than 20h of treatment ( figure S6A, B ). The distribution was only twice larger. In parallel the AIZ was reduced by the increased contraction up to a size that appeared consistent with the limited dispersion of centrosomes ( Figure S6C ). Therefore, and importantly, both experiments suggested that the well-known centrosome mispositioning in response to microtubule disassembly resulted not only from the absence of microtubule but also from the deformation of actin-based spatial boundaries.
In order to ungroup those two effects and test specifically the impact of microtubule disassembly without changing AIZ conformation, we set up conditions to disrupt both MTs and compensate for actin contractility by using ice-cold/nocodazole treatment combined with high doses of Y27632 (100 or 200µM) ( Figure 5A , right). In these conditions, the AIZ was similar to the conditions described previously in response to Y27632 alone (at 20µM): it formed a regular, homothetic peripheral band along the cell edges ( Figure 5C , right). In those conditions, centrosomes dispersion appeared limited within the AIZ (Figure 5E , right) and not randomly distributed in the entire cell. In conclusion, in the absence of microtubules, the centrosomes cannot diffuse all over the cell and remain confined in the AIZ. We then further investigated how microtubules direct centrosome position at the center of the AIZ.
Dynein is involved in centrosome positioning in eggs [17, 56] , embryos [58] and mamalian cells [12, 19] . By acting at the cell cortex or in the entire cytoplasm, dyneins are thought to position the centrosome at the geometrical center of the cell. We tested ciliobrevin D and dynarrestin but found no clear effect on the dispersion of the Golgi apparatus. So we chose to inhibit dyneins activity by expressing a dominant negative form of the dynactin subunit p150glued (p150-DN) [59] , which is involved in connecting dyneins to cargo and provide a load to motor activity. p150-DN was transfected in cells 48 hours before enucleation. In these conditions the centrosomes were dispersed but again, did appeared to become randomly throughout the entire cell. Their distribution was still anisotropically biased in regards to cell geometrical center ( Figure 6A ). This effect was consistent with the maintenance of a shifted AIZ similar to control conditions ( Figure 6B ) in which the centrosome appeared dispersed ( Figure 6C ).
In order to further test whether dynein helps to find the center of the AIZ, we tested the role of dynein activity in conditions imposing another shape and position to the AIZ, i.e. in the absence of cell contractility ( Figure 6D -F, right panels). As described previously ( Figure 4B ), in these conditions, and in contrast with cells with normal levels of contractility, the actin network forms a regular band along cell edges, and thus the center of the AIZ is moved back to the cell geometrical center ( Figure 6E ). In Y27632-treated cells centrosome positions were distributed around the cell geometrical center regardless of the activity of dyneins. However they were concentrated around it when dynein were actively pulling on microtubule ( Figure   6D , left) whereas they were dispersed over the entire AIZ when they were inactivated ( Figure   6D , right). Again, dispersed centrosomes remained confined in the AIZ ( Figure 6F ). These results showed that dyneins activity is involved in the positioning of centrosomes at the center of the AIZ.
Discussion
Centrosome, nucleus and the cell geometrical center.
The mechanism which specifically regulates the positioning of the centrosome in mammalian cells has long been confused with the role of the nucleus [53] , and notably the role of actomyosin network acting on the nucleus [19] . The consensus was that the centrosome positions at the cell geometrical center, either autonomously [21, 30] or in association with the nucleus [19] . Here we studied the centrosome separately from nucleus and showed that the centrosome position is defined by the architecture of the actin network. It is located at the center of the actin network; more precisely, it is positioned at the geometrical center of the inner space that is devoided of actin bundles. This position can correspond or not to the cell geometrical center, depending on the anisotropy of the actin network.
Microtubule and actin.
Microtubules interact with actin via specific crosslinkers or non-specific steric interactions [61] . In particular dense and growing actin network can apply pushing forces on MTs [62, 63] .
Here we found that the actomyosin network constitutes the actual spatial boundary conditions that the microtubules are sensitive to. Microtubules appeared bent within the actomyosin network, and straight in the central part devoid of actin. Disrupting or moving the geometry of the network via the pattern of adhesion moved this boundary and changed centrosome position accordingly.
Dyneins.
Dynein have long been known to apply pulling force on MT [64] and to be thus involved in MTOC positioning [12, 14, 15, 19, 20, 65] . By acting at the cell cortex, or throughout the cytoplasm, dyneins are thought to position the MTOC at the cell geometrical center [66] . Here we found that dyneins are involved in centrosome positioning at the center of the inner cell space that is devoid of actin bundles. The radial shape of microtubules suggests that dyneins put them under tension in this region. Dynein activity requires dynactin to be coupled to a cargo or any other substrate supporting the force load. It is not clear whether these dyneins act throughout this region via cytoplasmic forces [67] or only at the interface between the actomyosin network and the microtubule network, where they have been proposed to act as a coupling device that transmits contractile forces from the actomyosin network onto microtubules [58] .
Implications for centrosome positioning in differentiated/polarized cells.
By using enucleated cells to distinguish the centrosome from nucleus positioning this work reveals that centrosome is not at the cell geometrical center but at the center of the actin network. The actin-centering forces are potent and significant since highly asymmetric actin networks, such as those developed on half-thorus shaped micropatterns, can force the centrosome to come into contact with cell periphery. These results revealed a novel positioning mechanism, which shines some light on numerous conflicting examples of centrosome positioning in migrating or polarized cells (cf introduction). They show that the organization of actin filaments, driven by myosin-based contraction, are the actual boundary conditions that influence microtubule organization and direct centrosome position.
Experimental Procedures
Cell culture, cell lines, plasmids and transfection and drug treatment.
MEF WT and KO for Vimentin cell lines (received from Robert Goldman) were cultured in Dulbecco's Modified Eagle Medium (31966, Gibco) supplemented with 10% FBS (50900, Biowest) and 1% antibiotic-antimycotic (15240-062, Gibco). RPE1 cells were cultured in Dulbecco's Modified Eagle Medium Nutrient Mixture F-12 (31331-093, Gibco) supplemented with 10% FBS and 1% antibiotic-antimycotic. MEF KO Vimentin EGFP-Centrin 1 were made by transient transfection of pEGFP-C1-Centrin1 (kindly provided by James Sillibourne) with lipofectamine LTX (15338100, Invitrogen) in Opti-MEM (11058, Gibco) according to the procedure described by the manufacturer. Selection was performed with G418 at 0.5mg/ml and sorted by FACS twice with one month interval. They were posteriorly cultured with 0.2mg/ml. For p150 inhibition assay on cytoplasts, cells were electroporated with NEPA21 electroporator (from Nepa Gene) with the plasmid expressing GFP-p150-CC1 (214-548 aa of p150Glued) obtained from Mineko Kengaku (Kyoto University) and according to the manufacturer's protocole for MEF cells. Cells were then sorted by FACS 24h after electroporation and plated directly on slides for enucleation and enucleated 48h after electroporation. Living cells were incubated and imaged at 37°C with 5% CO2 in a humidified environment.
Enucleation
Cells were seeded the night before, 12h before enucleation on RINZL plastic micro-slides (71890-01, Delta Microscopies) precoated with Collagen I Rat Protein, Tail (A1048301, Gibco) at 12µg/ml and Fibronectin from bovine plasma (F1141, Sigma) at 1µg/ml for 1 hour. Cells were seeded to achieve a 90 % confluence by the time of the enucleation. Cells were put on 50ml tubes resistant to high-speed centrifugation (339652, Nunc) in complete medium with Cytochalasin D (C8273, Sigma) at 3µg/ml for 30min at 37°C, then centrifuged at 15'000 g for 1h at 37°C. Cytoplasts were then washed twice with pre-warmed DMEM then let them to rest for 30min at 37°C before detachment for seeding on micropatterns.
Micropatterning and cell seeding

Polystyrene coating
20x20 Coverslips (1304369, Schott) were cleaned for 10min in acetone then for 10min in isopropanol in a bath sonicatorn then compressed-clean air dried under a laminar flow hood. They were coated with adhesion promoter Ti-Prime (MicroChemicals) using a spin-coater (WS-650m2-23NPPB, Laurell) at 3000 rpm for 30s. and baked on top heater for 2min at 120°C, followed 1% polystyrène (MW 260,000, 178891000, Acros Organic) solution in toluene (179418, Sigma) using a spin-coater at 1000rpm.
Plasma treatment and micropatterning
Polystyrene layer was oxidized by exposure to air-plasma (PE-30,Plasma Etch) at 30W, under vaccuum and with an air flow rate of 10 cc/minute, for 40 seconds to promote the attachment of Poly-l-Lysine-Polyethylenglycol/PLL-PEG (PLL(20)-g[3.5]-PEG(2), SurfaceSolutionS, Switzerland), which was performed in a solution of HEPES at 10mM, pH7.4, with a concentration of PLL-PEG at 0.1mg/ml for 30minutes at room temperature. PLL-PEG was removed and coverslips room air dried before putting them in tight contact with a chromed printed photomask (Toppan Photomask). Tight contact was maintained using a vacuum holder. The PLL-PEG layer was burned with deep UV (λ=190nm) through the non-chromed windows of the photomask, using UVO cleaner (Model No. 342A-220, Jelight), at a distance of 1cm from the UV lamp with a power of 6mW/cm2, for 4 min.
Cell seeding
Coverslips were washed once with distilled water then incubated with a solution of 40µg/ml Fibronectin (F1141, Sigma) in PBS (14190169, GIBCO) for 30min at room temperature. Coverslips were then washed, in a sterile 6-well dish with one coverslip per well and under the laminar flow hood, 3 times with 3ml sterile PBS, once with 3ml DMEM and once with 3ml DMEM-10%FBS-1%Antibiotic-Antimycotic (complete medium). Cells/cytoplasts were detached with TrypLE (12605036, Gibco), centrifuged and resuspended in complete medium at 100'000 cells/ml. Most medium was removed for each well containing a coverslip and 1ml of cell suspension was added. Cells were left for spreading for 1 hour at 37°C before washingout non-attached cells with pre-warmed complete medium. Cells were incubated for at least one more hour at 37°C to promote correct spreading and polarisation, before further treatments.
Drug treatment
Microtubules were removed by incubating cells in HBSS (14025092, Gibco) on ice and in a cold room at 4°C for 2 hours then warmed up to 37°C in complete medium with 10µM Nocodazole (M1404, Sigma) and incubated until fixation. Rock inhibition was achieved with Y27632 (Y0503, Sigma) at 20µM. Rock inhibition in the absence of microtubules was achieved with cold incubation as described above and warming up with complete medium with 10µM Nocodazole and Y27632 at 100 or 200µM as specified for 2h at least.
Immunostaining
Cells plated on coverslips were fixed with Paraformaldehyde (15710, Euromedex), Glutaraldehyde (G5882, Sigma) or a mixture of both depending on the antibodies used. All fixation mixtures were done in Cytoskeleton-Sucrose buffer with 0.1% Triton X-100 (T8787, Sigma) with either 3% Paraformaldehyde, 3%Paraformaldehyde-0.025% Glutaraldehyde or 0.5% Glutaraldehyde. Fixation mixture was added to the cells for 10min at room temperature. Glutaraldehyde related autofluorescence was quenched with a solution of PBS and 1mg/ml sodium Borohydride for 10min at room temperature. Cells were then re-permeabilised with PBS-Triton 0.1% for 10min at room temperature, then in PBS with Bovine Serum Albumin/BSA (A2153, Sigma) at 1.5% for 10min. Antibodies were diluted in PBS-BSA 1.5% and both incubation with primary or secondary antibodies was made for 1 hour. Microtubules were stained with MCA77G from Abd serotec or with ab18251 from Abcam. Centrosome staining was performed with anti-gamma Tubulin (T6557,Sigma), antipericentrin (ab4448, Abcam) or anti-polyglutamylated Tubulin (A-R-H#04, TabIP platform, Institut Curie). Actin filaments were stained with Phalloidin-A555 (A34055, Life Technologies) or Phalloidin-A568 (A12380, Life Technologies) together with secondary antibodies. Staining with DAPI (D9542, Sigma) was performed systematically with secondary antibodies to control proper enucleation. Coverslips were mounted with Mowiol 4-88 (81381, Sigma).
Cytoskeleton -Sucrose buffer
A stock solution containing 10mM HEPES (H3375, Sigma) at pH 6.1, 138 mM KCl (P3911, Sigma), 3 mM MgCl2 (208337, Sigma) and 2 mM EGTA (E3889, Sigma) was made. Sucrose was added extemporaneously at 0.32M.
Microscopy
Fixed and fluorescently labeled cells were imaged using an up-right epi-fluorescence microscope (Olympus up-right BX61) monitored by Metamorph. Samples were scanned for cell selection with dry objectives 10x or 20x using a Metamorph plugin developped by Céline Labouesse and Benoît Vianay. Cells were chosen so that they were well spread on sharp patterns and that they do not had a nucleus in the case of conditions with cytoplasts. Cells were imaged with a 100x NA 1.4 oil objective, with 0.5µm spacement between z planes in a range of 15µm. When patterned cells did not fit in one camera field, overlapping images were taken for further stitching.
Image analysis
Image analysis of very big cells
For patterned cells that could not fit in one camera field, ImageJ macros using Stitching plugin were used. Images were then processed the same than single images.
Centrosome positioning compared to cell centroid and nucleus centroid
This analysis was performed with homemade ImageJ suite of macros. The closest plane to the coverslip (cell bottom) was determined creating a band ROI on the actin image, as an expansion of a rough cell border determined by threshold filtering. This ROI was applied to the microtubule channel where the z-plane with the highest Standard Deviation within the band was chosen as cell bottom. Cell Top was determined using the standard deviation of the whole image. Firsts and lasts superfluous z-planes were that way removed to lighten calculations.
Threshold filtering in actin cell bottom plane was performed to determine cell edges and centroid was calculated. Similar method was used to determine nucleus edges and centroid in the case of conditions with nucleated cells. Scanning the Prominence parameter of the "Find Maxima" plugin from imageJ was performed to determine the prominence value where the number of found maxima was closest to one. Scanning for maxima within the region around this principal centriole was performed to find eventual extracentrioles. Cells with more than 4 centrioles were discarded. The centroid of the polygon defined after connecting all centrioles 3 by 3 into triangles and adding all areas was used for the calculation of the distances to the cell, and nucleus if applicable, centroids.
All steps contained a quick-scanning verification and assisted-correction module to make sure the analysis was correct for all cells.
Centrosome positioning compared triangle characteristic centres
In the case of triangle-patterned cytoplasts, the contour defined previously was smoothened by converting curve into a spline defined by a discrete number of close points. The curve defined by the distance of each point from the spline to the previously calculated centroid was smoothened by quadratic regression until the curve presents only 3 maxima, corresponding to the 3 triangle vertexes. The indexes of these three points were used to find the 3 corresponding points the contour-spline. The coordinates of theses 3 points were used to fit the contour of the cell to a triangle. Geometrical calculations were performed to determine the coordinates of 4 characteristic centres of that triangle (centroid, incentre, circumcenter and orthocentre). Distances from the centrosome to these centres were calculated.
Actin inner zone (AIZ) and actin inner centre (AIC)
Actin inner zone was determined semi-automatically on projected and denoised (rolling ball filtering) actin images. The coordinates centroid of the zone was determined and the distance to cell and centrosome centroids was calculated.
Dot plots and plots of AIZs
An angle correction was determined for all cells in a semi-automatic way. The coordinates of all centres were redressed according to the correction angle and relative coordinates to cell or actin centroid were calculated and plotted. Similar procedure was performed for the regions defining AIZs. Either all contours of AIZs were drawn, or one black 8-bit image was created for each cell and the AIZs was drawn and filled in white. A sum of all the images was made and a Royal LUT was applied.
Microtubule orientations
Microtubule stacks were skeletonized using a homemade Java plugin. A sum projection was made before a homemade orientation filter was applied to determine the angle made by each pixel of the skeletonized microtubule network. The calculation of a relative angle to the centrosome was performed. This angle corresponds to the angle made locally by a portion of microtubule around a given pixel and the radius defined by the line passing by both the studied pixel and the centrosome. The distribution of relative angle value as a function of the distance to the centrosome was determined and plotted with R. This distribution was also performed this time limiting the considered values to a band as shown in the figures or to a given zone like the AIZ.
Statistical Analysis
Mann-Whitney non-parametric test was used to compare samples using GraphPad Prism software (Version 6.0). Error bars correspond to standard error mean (SEM). A. MEF KO Vimentin cytoplasts were plated on isosceles "Short" triangles, fixed and stained with Phalloidine-A555. The scheme shows the analysis performed to study the AIZ and AIC. The red dot represents the geometrical center of the cell and the blue cross represents an averaged AIC relative to cell center. B. The distance of the centrosome to the cell geometrical center was compared to the distance of the centrosome to the AIC for several shapes. The most significative are presented. Even if for some shapes the difference is not statistically different, all shapes present a distance centrosome-to-AIC equal or shorter than the centrosome-to-cell center distance. Figure 1 . A. Overview of the microtubule network analysis using D-FiNS (shortly available for the community). The Orientation Ratio or "OR" is the ratio of the number of non-null pixels with an orientation <45°C and the number of non-null pixels with an orientation >45°C. B. Overview of cross-analysis: microtubule network analysis along a radial band and inside and outside the AIZ. AIL stands for Actin Inner Limit. The AIL is found at the boundary of two zones defined by a clear majority of radial or tangential microtubules respectively, showing the strong correlation between actin and microtubule network architecture. C. Results of cross-analysis plotting the "OR". The microtubules within AIZ are preferentially oriented radially and the ones outside the AIZ are preferentially oriented tangentially. Cytoplasts plated on 2000µm2 Isosceles "Short" triangles were treated for 2 hours with Y27632 at 20µM. Analysis was performed as described before. A. Microtubule and actin staining as in Figure 1 . One representative example is given for each condition. Stress fibers are observable in the control condition, with higher contractility coming from the basis of the triangle. In cells treated with Y27632, actin presents a rather branched meshwork architecture that extends from the edges of the cell in a homogenous/homothetic manner towards the inside.
Figure legends:
B.
Plots of all the contours of AIZs relative to the cell center. The contours are larger and homothetic with the triangle edges in Y27632 conditions. C. The AIC is better centered in Y27632 conditions. The position of the centrosome relative to the AIC is similar in both conditions. D. Centrosome is relatively well centered (close to the cell geometrical center) but a small shift is observable towards the triangle apex in control cells. Its centering is improved with the Y27632 treatment. E. The averaged AIZ is wide, triangle-shaped and centered in Y27632 conditions, while it presents a less clean triangle shape in control conditions where it is slightly shifted towards the cell apex and smaller, reflecting higher contractility. In both cases, the centrosome distribution is found inside the common area of most AIZs, but it is more dispersed in control conditions. Red dot represents cell geometrical center or the AIC as indicated by the graph title. In E, the red dot represents the cell geometrical center and the blue cross represents the averaged AIC relative to cell center. The grey dots are the centrosomes. A. Representative images of cytoplasts from both conditions. In the absence of microtubules, actin contractility is highly increased. In cells depleted for microtubules and treated with Y27632 at 20µM, contractility was still abnormally high (not shown). A higher concentration of Y27632 (100-200µM) was then used. As observed in the example cell, this concentration was sufficient to inhibit contractility in the absence of microtubules. B. In the absence of microtubules the centrosome distribution is dispersed around cell geometrical center. The additional treatment with Y27632 maintained the dispersion but with a different anisotropy suggesting that part of the effect upon removal of microtubules is due to contractility. C. In the absence of microtubules, AIZ contours are more off centered than in control conditions, revealing the presence of anisotropic contractility, which could be responsible for the off-centering of the centrosome. This is also revealed by the increased dispersion of AICs (panel D). D. Both conditions show increased dispersion of the centrosome positioning relative to the AIC and compared with control condition and condition with no contractility ( Figure 4C ), but less dispersion than for its position relative to cell geometrical center. This suggests that, in the absence of microtubules, the centrosome lacks centering mechanisms within the AIZ. E. Overlapping decrease is revealed by averaged AIZs in Nocodazole conditions while the addition of Y27632 rescues this effect. Interestingly, centrosome dispersion forms a triangle shaped region, which fits in the overlapping region of all AIZs. Red dot represents cell geometrical center or the AIC as indicated by the graph title. In E, the red dot represents the cell geometrical center and the blue cross represents the averaged relative AIC. The grey dots are the centrosomes. Figure 5C , while in the presence of Y27632 at 200µM, they follow mostly cell edges. Centrosome distribution is not fully confined in AIZs overlapping region. Therefore, dynein inhibition before cytoplasm spreading on patterns affects centrosome inclusion into the AIZ. Red dot represents cell geometrical center or the AIC as indicated by the graph title. In E, the red dot represents the cell geometrical center and the blue cross represents the averaged relative AIC. The grey dots are the centrosomes. 
